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The geographic position of Missouri, in the mid-section of the conterminous United States, is located within the ecotonal zone at the intersection of the prairies and broad-leafed forests (Bailey et al. 1994) . Reservoir impoundments are the principal lentic habitat in this region of the country (Thornton et al. 1990) . Most are recent additions to the landscape; about 90% of all Missouri reservoirs have been constructed over the past 50 years, and many are less than half that age. They vary in size from large reservoirs that serve as flood control and hydropower structures to small impoundments that provide municipal water, recreation and fish and wildlife propagation. There are also locally important karst, scour, and oxbow lakes formed by natural processes (Knowlton and Jones 1997) .
This paper updates an earlier summary of Missouri reservoir limnology (Jones and Knowlton 1993) by documenting nutrient content, seston composition, water clarity and trophic state in 167 water bodies considered representative of conditions within the major physiographic sections of the state. The analysis parallels regional lake studies conducted elsewhere in the mid-continent (Iowa: Jones and Bachmann 1978, Hatch 2003; Indiana: Spacie and Loeb 1990; Minnesota: Moyle 1956 , Heiskary et al. 1987 Ohio: Fulmer and Cook 1990; Wisconsin: Lillie and Mason 1983) and emphasizes the influence of the geographic setting on water chemistry and phytoplankton . In addition, empirical analyses are presented that identify key variables controlling algal biomass and water clarity within these water bodies. In this comprehensive synthesis we include data from oxbow and scour lakes in the Big Rivers physiographic section, not considered in the earlier summary. These water bodies are mostly natural floodplain lakes adjacent to the Mississippi and Missouri rivers, but without direct river connection. This assessment characterizes the current condition of lentic resources in Missouri and describes regional patterns. Information on regional limnology is of particular importance because of current interest in identifying the limiting nutrient and setting nutrient criteria consistent with indigenous conditions within the biogeographic regions of the country (Gibson et al. 2000) .
Missouri ecological sections and land cover
The natural regions of Missouri have been described based on various environmental characteristics. Most recently, Nigh and Schroeder (2002) classified the distinct biogeographic regions of the state into four sections based on geomorphology, potential vegetation and major soil groups ( Fig. 1 ): Ozark Highlands, Central Dissected Till Plains (referred to herein as the Glacial Plains), Osage Plains, and the Mississippi Alluvial Basin (the Mississippi Lowlands in Thom and Wilson 1980) . This approach is generally consistent with the statewide classification system used previously (Jones and Knowlton 1993) wherein biogeographic units were referred to as provinces rather than sections. In this regional analysis we recognize the Ozark Border, an ecotonal area where the Ozark Highlands grades into neighboring sections (Thom and Wilson 1980) , as a section rather than a subsection, which is the approach of Nigh and Schroeder (2002) . This analysis also recognizes the Big Rivers sections along the Missouri and Mississippi rivers (Thom and Wilson 1980) , which contain naturally formed oxbow and scour lakes, classified by Nigh and Schroeder (2002) as river alluvial plain subsections.
Missouri has a continental climate with distinct seasons and a strong climatic gradient from the northwestern corner to the southeast corner of the state. Mean annual temperature and precipitation range from 11 °C and 86 cm in the northwest to 14 °C and 127 cm in the southeast (Nigh and Schroeder 2002) .
Carbonate rocks, dolomites, and limestones dominate the Ozark Highlands with local areas of igneous rock and sandstone. Western and northern Missouri is composed mostly of limestone and shale formations. Weathered glacial till in northern Missouri is mostly a silty clay or clay with loess materials occurring locally. Residuum derived from bedrock forms much of the land surface south of the Missouri River, and in the plains of west-central Missouri the residuum is clay. Alluvium forms surficial material along the major rivers and is mostly silt or sandy silt (Nigh and Schroeder 2002) .
Missouri is positioned centrally between the western grasslands and eastern forests. Northern Missouri was largely cleared for cropland during settlement, but over time cultivation of marginal farmland has been subsequently abandoned. Land cover currently is a mixture of cropland in low gradients and better soils, pasture on irregular areas and eroded soils, and second-growth forest on steeper slopes and rough land (Table 1) . Land use history is similar in the Osage Plains, but less cropland has been converted to grass and timber. Cropland and pasture are more common in the western Ozarks than the more forested eastern Ozarks because the land is less dissected and soils somewhat better. Bottomlands in the Big Rivers section are highly productive croplands (Nigh and Schroeder 2002) .
Reservoirs sampled in this study were selected to represent the range of conditions within the state and each section.
Delineations of the sections have shifted slightly since the previous summary (Jones and Knowlton 1993 ) and 14 reservoirs have shifted to different sections in this analysis. Most notably, Tywappity Reservoir (Table 2) , formerly in the Mississippi Lowlands (Jones and Knowlton 1993 ) is located in an area of loess-covered hills (Crowley's Ridge) now designated as part of the Ozark Border (Nigh and Schroeder 2002) . Some 300,000 ponds and small impoundments, mostly private, constructed throughout Missouri are not represented in this regional analysis.
Methods
This paper is based on monitoring data collected by the University of Missouri during summers 1978-2007. Typically, reservoirs ( Fig. 1) were sampled on three or four occasions during May and August from a composited collection from the surface layer (0.25-0.5 m) at a site near the dam. Individual reservoirs are represented in the data set by collections ranging from 4 to 27 summer seasons; two-thirds of the systems were represented by collections from ≥8 seasons (mean = 11 seasons, median = 10 seasons). An analysis of temporal variation determined that collections in at least four summer seasons are needed to represent average conditions in a typical Missouri reservoir (Knowlton and Jones 2006a) .
Transparency was measured with a standard 20-cm Secchi disk. Samples were transported on ice to a field laboratory and processed by standard methodology (Knowlton and Jones 1995) . Analyses included measurements of algal chlorophyll (Chl; uncorrected for degradation products) with an additional estimate of pheophytin (Pheo), total phosphorus (TP), total nitrogen (TN), total suspended solids (TSS), volatile suspended solids (VSS), nonvolatile suspended solids (NVSS) and conductivity. Filterable suspended solids (fTSS; particles passing through the filters used in TSS analysis) were estimated nephalometrically (Knowlton and Jones 2000) . Nonalgal suspended solids (NAS) were estimated as the sum of NVSS and fTSS. In some years Chl was measured on filtrates of water passed through 35-µm (nanoplankton) or 11-µm (ultraplankton) mesh Nitex® screens to assess algal size distribution. In 2002, absorbance at 440 nm was measured on samples filtered through 0.2-µm membrane filters to estimate color of dissolved substances (Watanabe 2004) . In 2000, surface samples from 60 reservoirs, preserved with Lugol's iodine, were composited over the four summer collections for microscopic determination of algal biomass with identification to genus. In 2003, samples from 63 reservoirs during mid-summer (2-30 July), preserved with glutaraldehyde, were similarly identified (Ann St. Amand, pers. comm.) . This preservation allowed enumeration of picoplankton not counted in 2000. Lakes in the Big Rivers Section were not sampled for algal identification. Certain analyses are based on individual measurements from samples collected over the period of record. Most assessments, however, are based on reservoir means calculated as the geometric mean averaged within each summer of record and then averaged across all seasonal means for each of the 167 water bodies in the data set ( Fig. 1) . Land-use data describing reservoir catchments are based on 30-m imagery from the LANDSAT thematic mapper developed by the Missouri Resource Assessment Partnership (James Harlan, pers. comm.). Land use was not compiled for oxbows and scour ponds in the Big Rivers Section because watershed boundaries are poorly defined in river floodplains. For parsimony, we refer to lentic systems in this analysis as reservoirs while recognizing that oxbows and scour ponds are not impoundments. Data analyses including correlation and regression (simple, multiple, and stepwise) and one-way analysis of variance (ANOVA) were performed using log 10 -transformed data. Regression results include coefficients of determination (r 2 ) and root mean squared error (RMSE) as measurements of goodness of fit. Statistical analyses were conducted using SPSS (v.13) and SAS (v.9.1).
Results

Nutrients
In this large data set from Missouri reservoirs, mean values of TP ranged from 6 to 395 Φg/L and TN ranged from 200 to 3290 Φg/L (Table 2) . Median values were 39 Φg/L TP and 740 Φg/L TN, and the inter-quartile ranges for these two elements were 23-67 Φg/L TP and 520-970 Φg/L TN. In multiple regression analyses, the simple metrics of latitude and longitude, identifying reservoir location within the state, account for about a quarter of cross-system variation in TP log and a third of TN log variation. Statewide, both nutrients increase in reservoir systems along a gradient toward the north and west ( Fig. 1 and 2 ). These trends parallel the pattern of land cover (Table 1) . Cropland increases along this axis (r 2 = 0.26, Big Rivers excluded), whereas forest cover declines (r 2 = 0.50). Grass cover increases toward the west in Missouri without a significant north-south gradient.
As a group, reservoirs in the Ozark Highlands had the lowest nutrient levels within the state (Table 2 (Table  2 ). For reservoirs in the ecotonal Ozark Border section, the median values were somewhat less than statewide medians ( Fig. 2a and 2b ). Nutrients were more variable among Glacial Plains reservoirs than in the Osage Plains, but median values were similar in these two prairie sections; among all Plains reservoirs >63% of mean values exceeded the statewide medians for nutrients.
As demonstrated in other regional studies and in global data sets McCauley 1992, Nürnberg 1996) , TN log was positively related to TP log among reservoir mean values ( Fig. 3a ; r 2 = 0.84). The slope of the relationship is ~0.5, indicating the increase in P is greatly accelerated relative to increases in N. Because of this pattern the TN:TP ratio in Missouri reservoirs declines sharply with TP (Fig. 3b) . The overall median TN:TP ratio was 18.4 for reservoir means, but median values varied from 37.9 among reservoirs with <10 Φg/L TP, to 25.6 with TP 10-25 Φg/L, to 16.7 with TP 25-100 Φg/L, and 7.5 where TP >100 Φg/L. Among individual samples (n = 6856) about half the TN:TP ratios were <20 and some 10% were <10. Jones and Knowlton (1993) suggested TN values were low in Missouri reservoirs relative to other temperate lakes, resulting in low TN:TP ratios. The equation relating TN to TP concentrations for North American lakes by Nürnberg (1996; TN log = 1.99 + 0.538(TP log )) predicts TN values virtually identical to the observed measurements (mean of observed to predicted = 1.06, median = 1.00, n = 6856). Nürnberg's TN equation for lakes located world wide (1996; TN log = 2.1 + 0.492(TP log )), however, predicts slightly larger TN values than measured in Missouri reservoirs (mean of observed to predicted = 0.97, median = 0.91, n = 6856). Among Missouri reservoirs the median shortfall in TN was some 60 Φg/L when compared with Nürnberg's world equation, which equates to 16% of observed TN for reservoirs with TP ≤25 Φg/L and only 6% among reservoirs with 25-100 Φg/L TP. This comparison broadly suggests TN is slightly depressed in Missouri reservoirs, particularly among the least productive systems. The two TN-TP equations of Nürnberg predict median TN:TP ratios of 18.7 (North America) and 20.4 (World) for the overall data set, both estimates are similar to observed medians of 18.8 for unaveraged data and 18.4 for reservoir means.
Conductivity
Conductivity varied nearly 20-fold across the data set (35-691 ΦS; Fig. 2c ) with the largest values in the Big Rivers lakes and values mostly between 100 and 250 ΦS in the other sections. Unlike many lake districts, cross-system correlations between conductivity and plant nutrients were modest within the Missouri data set (r = 0.36 for TP and 0.24 for TN, n = 167) and were not statistically significant (p >0.05) when the Big Rivers lakes (n = 11) were omitted.
Seston composition
Mineral seston (NAS = NVSS + fTSS) is a feature of water quality in many Missouri reservoirs (Knowlton and Jones 2000 , Jones and Knowlton 1993 , 2005a . Statewide, the median NVSS value, a measure of particulates retained on a glass fiber filter, was 3.1 mg/L, and reservoir means ranged between 0.4 and 73.9 mg/L (Table 2) . Among the sections, NVSS was least in the Ozark Highlands (Fig. 4a) where most values were between 1 and 3 mg/L. In contrast, values were an order of magnitude larger among Big River lakes where measurements were typically >14 mg/L. Except for a few turbid reservoirs in both Plains sections, most (~80%) remaining reservoirs had NVSS between 2 and 6 mg/L (Fig.  4a) , which is two to five times the concentration of a typical reservoir in the Ozark Highlands.
Nonvolatile suspended solids averaged 66% of total mineral seston in our samples (NVSS/NAS; Fig. 5a ; median 69%, n = 4982), and the inter-quartile range of the proportion was 55-80%. Based on this distribution fTSS, the filterable (small) fraction of NAS, accounted for >30% of the weight of mineral seston in half of our samples. Half of fTSS measurements were >1 mg/L, and 25% were >2 mg/L. Among reservoir means, the median fTSS was 1.2 mg/L ( Fig. 4b ; range 0.4-19.3 mg/L); across sections, median values increased by more than three-fold between the Ozark Highlands (0.7 mg/L) and Big Rivers (2.6 mg/L). The two metrics NVSS log and fTSS log were strongly correlated (r = 0.80, as reservoir means), and both were strongly correlated with NAS log (r = 0.98 for NVSS log and 0.89 for fTSS log ). Likewise, these measures of mineral seston are strongly correlated with TP log ( Fig. 6 ; r ≥0.70); by comparison, correlations with TN log were consistently weaker (Fig. 6) . Among individual samples, NAS log was negatively correlated with TN:TP log (r = −0.64) indicating mineral seston is associated with enriched, low TN:TP systems.
Among reservoir means, about half the material composing TSS was in the NVSS fraction (median and mean = ~51%, inter-quartile range = 41-60%, n = 167), and there was a general increase in the proportion of NVSS (%) with increasing TSS log (r = 0.40). Within the geographic sections, %NVSS ranged from an average of 45% in the Ozark Highlands to 63% in the Big Rivers.
Volatile seston (VSS log ) was strongly correlated with TSS log (r = 0.92, n = 167) and NVSS log (r = 0.80, n = 167) and showed the same inter-sectional pattern as NVSS (Fig. 4c) . Statewide median VSS was 3.0 mg/L but ranged from 1.2 mg/L in the Ozark Highlands to 11.0 mg/L among lakes in the Big Rivers (Fig. 4c) . In the Ozark Border and Plains sections VSS was typically two to three times values in the Ozark Highlands. Both VSS log and TSS log were strongly correlated with TP log and less so with TN log ( Fig. 6 ; r ≥ 0.94 for TP and ≥0.86 for TN); TSS and the sum of TSS and fTSS (ΣTSS; our estimate of all particles in the seston; Fig. 6 ) were also strongly correlated with both nutrients.
Algal chlorophyll and taxa
Reservoir mean Chl values in Missouri ranged from 1 to 223 Φg/L with a median of 15 Φg/L (Table 2 ) and an inter-quartile range of 7 to 25 Φg/L. Across this distribution, low values were most common in the Ozark Highlands where the median was 5.1 Φg/L and 88% of reservoir mean Chl values were smaller than the statewide median (Fig. 2d) . In contrast, in the Big Rivers section the median was 51 Φg/L and reservoir mean Chl values uniformly exceeded the statewide median. Within the Ozark Border and Plains sections, median Chl closely matched the statewide value and were two to three times the typical value in the Ozark Highlands (Fig. 2d) . Individual Chl measurements in the data set ranged from <1 to 680 Φg/L (n = 7265), and among the 145 reservoirs with ≥20 samples (>5 summer seasons) the maximum Chl observed averaged 26 times the minimum (median = 18, range 4-135). In these intensively sampled reservoirs, maximum Chl was strongly related to the reservoir mean (r 2 = 0.67, n = 145) with a slope of 4.3, and the mean of the top two Chl values in each reservoir was also strongly related to the reservoir mean with a slope of 3.9 (r 2 = 0.74). In both cases the intercepts were nonsignificant, so the maximum algal biomass can reasonably be estimated arithmetically at about four times the reservoir mean.
Pheophytin was measured in over half our Chl samples ( Fig.  5b ; n = 4021), and this degradation pigment averaged 23% of uncorrected Chl (median = 21%, range from 0 to 209%). The inter-quartile range was 10-34% with values >60% in 3% of samples.
Algal Chl in Missouri reservoirs is primarily contained in small algae, measured as ultraplankton (<11 Φm) or nanoplankton (<35 Φm). On average, ultraplankton accounted for 72% of algal Chl (median = 75%, n = 2182), but individual values ranged from 6% to unity. In samples where both fractions were measured (n = 479), ultraplankton averaged 69% and nannoplankton 83% of algal Chl; this result suggests an average of 17% of Chl was >35 Φm and about 14% was in the 11-35 Φm fraction. Statewide, percent ultraplankton Chl was not strongly correlated with nutrients but showed a weak negative correlation with latitude (r = −0.28) and weak positive correlation with lake area (r = 0.28). This result suggests the abundance of algal taxa >11 Φm increases slightly among small and moderate reservoirs located in the northern region of the state.
Biomass of the major algal divisions increased across the range of Chl values during summer 2000, except for Chrysophyta (Table 3 ). In this data set Chl values were strongly related to total phytoplankton biovolume (Chl log = 0.876*BioVol log − 4.24, r 2 = 0.80, n = 60, biovolume as µm 3 / mL). The average Chl content, at ~1% of wet weight, is close to the average (0.94%) for 17 taxa presented by Reynolds (1984) . As a proportion (%) of total summer biomass, the dominant taxonomic division was the Cyanophyta (median 46%, range <0.1-95%) with Bacillariophyta ranked second (median 17%, range 0-76%), but each major division ranked first in biomass in at least one reservoir (Table 3) . A median of 26 algal genera (range 15-37) were observed in individual reservoirs. Twenty algal genera were common enough to be dominants (representing at least 20% of the total biovolume) in one or more reservoirs. Among these taxa, the Cyanobacteria Anabaena and Cylindrospermopsis were dominants in 13 and 12 reservoirs, respectively, followed by cyanobacterium Aphanizomenon (8 reservoirs) and diatoms Stephanodiscus (8 reservoirs) and Cyclotella (7 reservoirs). In six reservoirs no single genus made up >20% of total biomass. Dominant taxa were typically limited to one (33 reservoirs) or two (22 reservoirs) genera.
In 2003, picoplankton (<2 µm) were numerically dominant in most reservoirs, comprising a median 81% of counts (range 24-99%). Cyanobacteria Synechococcus (median 1.2 µm), Synechocystis (median 1.5 µm) and unknown unicellular cyanobacteria (family Chroococcaceae, median 0.8 µm) were the only picoplankton taxa observed. These algae typically composed <2% of total biovolume (median 1.4%, range 0.07-24%) but this proportion declined with reservoir fertility (r = −0.38 with log 10 Chl). Picoplankton averaged 4% of total biomass in reservoirs with seasonal mean Chl <5 µg/L (n = 15), but only 0.7% in reservoirs with Chl >25 µg/L (n = 14). Table 3 .-Proportion of phytoplankton (as % of total biomass) in major algal taxonomic divisions in Missouri reservoirs during summer 2000 (n = 60 reservoirs) and correlation (r) of biomass to seasonal mean Chl (both variables log 10 -transformed; "n.s." = p >0.05). Values of "n" show the number of reservoirs in which at least one member of each division occurred. At the level of the reservoir mean, TP log explained 83% of cross-system variation in Chl log among Missouri reservoirs ( Fig. 7a ; n = 167); TN log explained slightly less variation (Fig.  7b) . In multiple regression, TN log entered as a second variable and explained about 2% additional variation not accounted for by TP log . Omitting Big Rivers lakes from the analyses resulted in a slight reduction in the r 2 value between Chl log and nutrients but had virtually no influence on regression coefficients in the respective models. This result suggests the statewide Chl-nutrient relation can be treated as a continuum across the suite of reservoirs and oxbow/scour lakes occurring within the state.
Division
The Chl-nutrient relations in Missouri reservoirs also can be pictured graphically using a Carlson Trophic State Index (TSI) deviation plot (Fig. 8; Carlson and Havens 2005) . Based on TSI calculations, Chl was higher than predicted by TP in 35% of the reservoir means (TSI(Chl)−TSI(TP) >1; Fig.  8a ), less than predicted in 40% and within 1 TSI unit in the remainder (25%). Across regions, deviations were mostly positive in the Ozark Highlands, and the proportion of negative values increased along the following sequence: Ozark Border > Glacial Plains > Osage Plains and Big Rivers, where all deviations were negative. In a parallel analysis based on TSI(TN), deviations were mostly positive (Fig. 8b) , and the lack of agreement with TSI(TP) results from TN:TP ratios in Missouri reservoirs (Fig. 3) being low relative to lake data used to construct the TSI(TN) index (Kratzer and Brezonik 1981) . For TSI(TN) to equal TSI based on observed Chl in our data set, TN would have to increase, on average, by 68% (inter-quartile range 30-102%).
Reservoir data collected after 1990, include measurements of nonalgal mineral seston in the particulate and filtrate fractions, and show NAS explains an additional 5% of variation in Chl log over the single variable model with TP log (Table 4) . This improvement was consistent in data sets at both levels of aggregation: individual measurements (n = 4979) and reservoir means (n = 167). In both cases NAS had a negative coefficient, and results were similar when analyses were based only on mineral seston in the filtrate fraction (fTSS log ). Including a measure of mineral seston in the model resulted in a steeper slope coefficient for TP log relative to the single variable model (Table 4) . Addition of TN:TP log resulted in minor improvements in the regression models with a positive coefficient ( Table 4) .
Deviations of TSI(Chl)−TSI(TP) were negatively correlated with log-transformed measurements of mineral seston ( Fig.  9a and 9b ; reservoir means). Likewise, a comparison of Chl values from Missouri reservoirs with values predicted using the Chl-TP model of Jones and Bachmann (1976) shows a hyperbolic relation over the range of mineral seston values ( Fig. 10a and 10b) . Most predicted values fit within the 95% confidence limits of the original model; among those falling below the lower confidence limit the median values of fTSS and NAS values (7.3 and 30.0 mg/L, respectively) were some 4 and 7.5 times larger than in the rest of the data set. Among reservoir means (n = 167), ratios of observed Chl/predicted Chl values (Fig. 10 ) were perfectly correlated with TSI(Chl)−TSI(TP) deviations because of the similarity of the Jones-Bachmann equation and the Chl-TP equation of Carlson (1977) . These two approaches closely agree and nicely illustrate the cross-system decrease in Chl:TP associated with increasing mineral materials in the seston.
Based on TSI analyses and the Jones-Bachmann Chl-TP relation, Chl:TP ratios (as Φg/L:Φg/L) in Missouri reservoirs would be expected to increase by about an order of magnitude across the observed TP range and have a geometric mean of 0.44, with an inter-quartile range of 0.34-0.56. Among individual Missouri samples, however, mean Chl:TP was 0.34 ( Fig. 5c ; n = 7225) with a median of 0.37 and an interquartile range of 0.24-0.55. Some 4% of the Chl:TP ratios were >1.0 (Fig. 11a) ; these peak ratios were largely from samples with mid-range TP values (median = 46 Φg/L TP, inter-quartile range 34-73 Φg/L TP) and were associated with modest levels of mineral seston (median = 1.2 mg/L fTSS and 4.0 mg/L NAS). Empirical Chl-TP patterns in the literature suggest Chl:TP ratios >1 are most common among TP-rich water bodies (>150 Φg/L), but this was not the case in Missouri (Fig. 11a) . Lower than predicted Chl:TP in TPrich lakes is probably due to mineral seston and associated inflow events, with possible additional influence of low TN ratios in these enriched water bodies (Fig. 3) .
The geometric mean for the Chl:TN ratio in the Missouri data was 18.3 ( Fig. 5d ; n = 6876 as Φg/L:mg/L) with a median of 20.0 and an inter-quartile range of 10.5-34.4. Ratios of Chl:TN were variable across the observed TP range but the wedge-shaped distribution showed an upper edge that increased from ~50 at 10 Φg/L TP to ~100 at 100 Φg/L TP (as TP log ; Fig. 11b ), and average Chl:TN increased by over three-fold over this range of TP (from about 11 to 35). Higher Chl:TN ratios in the more TP-rich reservoirs probably reflect an increased influence of N-limitation in these water bodies.
Chlorophyll was more strongly related to VSS, a measure of organic particulates in the seston, than to either TP or TN (Fig. 7) with a much smaller RMSE than the Chl-nutrient models. The Chl-VSS regression shows an accelerated increase in Chl log relative to VSS log (slope = 1.29 in the reservoir mean data, Fig 7c) amounting to about a three-fold change across the distribution range. Algal biomass (as log 10 biovolume) in the 2000 survey data has a nearly identical slope (1.28) relative to seasonal mean VSS log (BioVol log = 5.59 + 1.28*VSS log , r 2 = 0.81, n = 60, RMSE = 0.21). These patterns indicate algal biomass accounts for an increasing proportion of organic solids as Missouri reservoirs are enriched with nutrients; as such, seston composition tracks regional differences in fertility.
Among individual samples (n = 6971) Chl averaged 0.5% of VSS (median = 0.5%) with some 10% of values <0.2% or >0.9%. This proportion differed significantly among regions (one-way ANOVA, p <0.001) with means ranging from 0.44% in the Ozark Highlands to >0.60% in the Osage Plains and Big Rivers sections. In the 2000 data, Chl averaged 1.1% of algal wet weight (median = 0.9%, range 0.6-5.4%), or ~2% as dry weight (assuming a 50% water content, Reynolds 1984) . Phytoplankton biomass (dry) averaged 29% of VSS (median = 27%, range = 8-84%, n = 60). Among 93% of the reservoirs sampled in 2000 algal biomass was less than half of VSS. These data indicate, that while algal biomass increases as a proportion of organic solids with reservoir tropic state (Fig. 7c) , there is a broad dominance of detritus, bacteria, or other materials in the particulate organic pool in Missouri reservoirs, a characteristic of organic seston in lakes worldwide (Wetzel 2001) .
Relations of VSS to other variables suggest an autochthonous origin for organic seston in Missouri reservoirs. In stepwise regression with unaveraged data (n = 6928) Chl log accounted for 75% of the variation in VSS log , and adding NVSS log , an indicator of terrigenous inputs, only accounted for an additional 3% of unexplained variation. Residuals from the VSS log -Chl log regression were positively related to NVSS among samples with > 10 mg/L; this condition is usually associated with turbid inflow events and is more common in the Plains (mean ~13%) than the Ozark sections (mean ~1%). Among samples with NVSS >10 mg/L (n = 772), VSS in excess of the amount predicted by the VSS log -Chl log regression averaged only 9% of NVSS (median = 7%, range 38-244%). This analysis suggests VSS is a minor component of turbid inflows, a finding consistent with the dominance of NVSS in Missouri streams (typically >80%; Jones 1994, Perkins et al. 1998) . Overall, VSS from allochthonous sources seem like a minor component of these near dam samples from Missouri reservoirs.
The value of 10 Φg/L Chl has been identified at the breakpoint where algal biomass becomes apparent in lake water and nuisance algal blooms occur at increasing frequency (Bachmann and Jones 1974 , Walker 1984 , Walmsley 1984 . Among Missouri reservoirs the occurrence of Chl >10 Φg/L increases in a sigmoid pattern with nutrients ( Fig. 12a and  12b) ; the change is most rapid between ~15 and 25 Φg/L TP with the average frequency of Chl >10 Φg/L increasing from ~7 to >50% across this range. In reservoirs with mean TP >35 Φg/L, some 84% of Chl values are >10 Φg/L, and at TP >65 Φg/L frequency increases to 90%. There is also a sharp response within the mid-range of TN values (Fig. 12b) ; Chl >10 Φg/L accounts for only ~4% of samples in reservoirs with 350-450 Φg/L TN, but occurrence jumps 10-fold to 40% among reservoirs with 450-600 Φg/L TN. In reservoirs with ~740 Φg/L TN, the statewide median value, about 70% of samples have Chl >10 Φg/L (Fig. 12b) .
Secchi transparency
Median Secchi depth was 0.9 m (range 0.15-4.3 m; Table  2 ) and inter-regional differences in transparency showed the opposite pattern of NVSS (Fig. 2e) ; in the Ozark Highlands median Secchi (1.9 m) was double the statewide median and six times the Big Rivers value (0.3 m). Secchi values in the Plains sections were typically less than half of measurements in the Ozark Highlands. Among reservoir means, variation in TSS log explained 95% of cross-system variation in Secchi log (Fig. 13a) . But given the strong inter-correlation among seston materials in the data set, NTU log explained 92% of Secchi log variation, NVSS log 87%, NAS log 87%, VSS log 78%, and Chl 70% (Fig. 13c) . These measures of seston particles were strongly correlated with TP (r = 0.85 to 0.95) and TP explained 90% of Secchi log variation (Fig. 13b) . Fine particulates (fTSS log ) accounted for 68% of Secchi log variation, and when combined with TSS log as ΣTSS (our estimate of all particles in the seston), 96% of variation in Secchi log was explained (Fig. 13d) . Stepwise multiple regressions suggest inorganic materials largely determined transparency; adding either Chl log or VSS log increased the coefficient of determination by only about 7% over the single variable NAS log model (87%).
Dissolved color (absorption at 440 nm) was negatively correlated with Secchi depth (r = −0.52, n = 253, log-transformed 2002 data). Color, however, was positively correlated with suspended solids, especially fTSS (r = 0.71), which had a much stronger influence on transparency. A regression with ΣTSS log explained 85% of variation in individual measurements of Secchi depth and adding color to the model increased explained variation by only 0.3% (2002 data).
Relations among Chl, TP, and Secchi can also be pictured using a Carlson TSI deviation plot (Fig. 8; Carlson and Havens 2005) to show that TSI based on Secchi typically over-predicts TSI based on Chl (data points fall to the left of zero on the X-axis in both panels). This pattern results from light being scattered or absorbed by small particles and is characteristic of 90% of reservoir means in our data set. On average TSI(SD) exceeded TSI(Chl) by 5 units, and in 25% of the reservoirs this difference was >8 (maximum 31). Among reservoir means, these TSI differences showed a negative correlation with our measurements of mineral particulates in the seston ( Fig. 9c and 9d ; NAS and fTSS). When the data set was limited to reservoir means with <8 mg/L NAS (n =126) the TSI difference values were mostly negative but not correlated with mineral seston, suggesting that some factor other than our measures of mineral turbidity contributes to low transparency in these water bodies (Fig. 9c) .
Despite the pattern of negative TSI(Chl)−TSI(SD) values, nearly three-quarters of reservoir mean Secchi values fit within the 95% confidence limits of the Chl-Secchi model by Jones and Bachmann (1978) . Consistent with the TSI analysis, most predictions were below the average (95% for reservoir means) and only 5% of reservoir means were larger than the model prediction ( Fig. 10c and 10d) . Secchi depths positioned below the lower confidence limit of the Jones-Bachmann model averaged about one-third the predicted value and were associated with more than three times the NAS, and fTSS measured in reservoirs wherein JonesBachmann model provided reasonable estimates of Secchi ( Fig. 10c and 10d) . Among reservoir means, both NAS log and fTSS log accounted for >48% of variation in the ratio of observed Secchi/predicted Secchi (analysis restricted to observations with NAS measurement; n = 163). Color explained only 9% of the variation in observed/predicted Secchi compared to >37% for NAS and fTSS (unaveraged observations from 2002, data not shown). Also, although observed/predicted Secchi declined with increasing color, 82% of these ratios were <1, even among observations with low color. These findings suggest relatively low transparency in Missouri reservoirs is not from dissolved colored materials.
Secchi transparency of <1 m has been associated with impaired water quality Jones 1974, Canfield and Bachmann 1981) . As with Chl >10 Φg/L, the frequency of Secchi <1 m shows a sigmoidal increase with reservoir nutrients (Fig. 12c and 12d ). In reservoirs with 15 Φg/L TP the occurrence rate of Secchi <1 m averages only ~5%, but between 25 and 40 Φg/L TP the frequency increases from 20% to 50%. At >65 Φg/L TP, more than 80% of Secchi readings are <1 m. Based on TN values (Fig. 12d) , the frequency of Secchi values <1 m increase from an average of ~4% among reservoirs with 400-450 Φg/L TN to ~40% among reservoirs with 500-550 Φg/L TN; at 740 Φg/L, the statewide median, frequency increases to >50%. 
Trophic State
Trophic state criteria proposed by Jones and Knowlton (1993) were modified using the summary by Nürnberg (1996) to classify Missouri reservoirs (Table 5 ). About 80% of the reservoirs were mesotrophic or eutrophic based on nutrients and Chl, while oligotrophic and hypereutrophic water bodies were present in near-equal proportions (at 6-11% of the total; Table 5 ). There were clear regional patterns in reservoir trophic state. On the basis of TP, oligotrophic reservoirs were located within the Ozark Highlands (with one exception), along with about half of the mesotrophic impoundments (Table 6 ). Most remaining mesotrophic reservoirs were in the Ozark Border and Glacial Plains sections. Eutrophic reservoirs occur in each section, but some 76% were located in the Glacial and Osage Plains. Hypereutrophic water bodies were split between the Big Rivers and Plains sections. This general characterization of regional patterns using TP was similar when based on other trophic state variables. Trophic state criteria based on TN are modified upward somewhat from the provisional categories of Jones and Knowlton (1993) in response to patterns in this larger data set, but remain slightly lower than criteria for temperate lakes worldwide (Nürnberg 1996) . This adjustment is needed because in many Missouri reservoirs TN was not abundant relative to TP (Fig. 3) . Included in this analysis are trophic state criteria based on Secchi depth (Table 5) . Threshold values were calculated using the strong regression relation between Secchi and TP (Fig. 13b) and TP criteria from Table  5 . For example, the threshold value of 10 Φg/L TP between oligo-and mesotrophic water bodies equates to a Secchi of 2.6 m based on the regression relation (Fig. 13b) . This cutpoint and the one between meso-and eutrophic systems, 1.3 m, is only 65% of the worldwide thresholds of 4 and 2 m proposed by Nürnberg (1996) . Furthermore, our threshold of 0.45 between eutrophic and hypereutrophic systems is less than half the 1-m value proposed by Nürnberg (1996) . These differences reflect that light regimes in Missouri reservoirs are frequently below the norm established by the empirical Secchi-Chl relation (Fig. 8-10 ). Chlorophyll is considered the key variable controlling transparency in most temperate lakes. In Missouri reservoirs, transparency is therefore not universally a reliable estimate of algal biomass, but given the tight link between Secchi and TP (Fig. 13b ) it serves as a simple metric of nutrient status.
Discussion
This analysis of Missouri limnology, based on summer collections from 167 water bodies sampled in 1978-2007, characterizes 73 lake systems not previously considered (Jones and Knowlton 1993) . The current data set includes about nine times (TSS, Chl, and TP) to 16 times (TN) more samples than the early study. Despite these differences, both analyses show about 80% of lentic systems in Missouri are mesotrophic or eutrophic (Table 5) , which is similar lakes elsewhere in the Midwest (Jones and Bachmann 1978 , Lillie and Mason 1983 , Heiskary et al. 1987 , Spacie and Loeb 1990 , Fulmer and Cooke 1990 .
Differences in reservoir limnology among the major sections of Missouri are tied to regional variation in geomorphology, soils and land cover (Tables 1, 2 and 6; Fig. 1, 2, and 4) . The major contrast is between near equal numbers of hypereutrophic and oligotrophic water bodies. Hypereutrophic lakes of the Big River Section are located in rich bottomland soils, and their shallow morphometry is conducive to internal cycling of nutrients and mineral seston (Table 2 ; Jones 1997, Jeppesen et al. 1999, Jones and  Knowlton   Table 5 .-Trophic state criteria based on total phosphorus, total nitrogen, chlorophyll and Secch depth modified from criteria proposed by Jones and Knowlton (1993) and the percentage of reservoirs from this data set that fall within each designation. 2005b). Hypereutrophic reservoirs in the Plains have agricultural watersheds and rapid hydraulic flushing rates (Jones et al. 2008) . In the Ozark Highlands and Border sections oligotrophic reservoirs benefit from forested watersheds, low hydrologic flushing rates and up-stream impoundments; features associated with low nutrients (Jones et al. 2004 , Jones et al. 2008 . Table Rock Lake, a large reservoir on the White River, is also oligotrophic based on its TP content near the dam but has high nutrient concentrations in several tributary arms Jones 1989a, Obrecht et al. 2005) . This regional analysis compares near-dam conditions and does not consider the longitudinal gradients that characterize large reservoirs throughout Missouri (Jones and Novak 1981 , Knowlton and Jones 1989a , 1995 , Perkins and Jones 2000 .
Total P
Reservoirs in the Missouri Plains typically have about three times the TP, NVSS, VSS, and Chl; twice the TN; and half of the transparency of a reservoir in the Ozark Highlands (Table  2 ; Fig. 2 ). Most Ozark Border reservoirs have intermediate trophic state characteristics and reflect the ecotonal nature of this section. The broad trophic state continuum in Missouri is largely determined by nonpoint source nutrient inputs. A statewide analysis showed cropland, a surrogate for external nutrient loss from agricultural watersheds, accounts for some 60-70% of the cross-system variation in long-term average nutrient levels in Missouri reservoirs (Jones et al. 2004) . Anthropogenic disturbances such as tilling, harvest, and application of fertilizers (Turner and Rabalais 1991, Howarth et al. 1996) result in cropland being a greater relative source of nutrients than other dominant cover types in Missouri.
The addition of dam height (representing morphometry) and an index of hydrologic flushing rate to the model increased the amount of explained variation to ~77% for both nutrients (Jones et al. 2004) . These findings are consistent with empirical theory on the role of morphology and hydrology in modifying external nutrient loads to lakes (Edmondson 1961 , Vollenweider 1975 . Reservoir nutrients show a strong negative relation to forest because of modest nutrient loading from this cover type. The relative distribution of cropland and forest (Table 1) in Missouri largely accounts for regional patterns in reservoir trophic state (Table 6 ). This quantitative link between land cover and nonpoint nutrient input is why reservoir nutrients increase along a gradient to the north and west in parallel to increases in cropland and a general decline in forest cover. Because of this pattern, latitude and longitude account for about a quarter of cross-system variation in reservoir TP log and a third of TN log variation. Anthropogenic activities obscure natural geology-water chemistry relations and explain why nutrients are not correlated with conductivity in this data set (Vighi and Chiaudani 1985) .
In Missouri reservoirs TN:TP ratios decline with trophic state (Fig. 3) , which is the case for fresh waters worldwide . Reservoir nitrogen levels are lower than found in many lakes worldwide (Nürnberg 1996) ; this shortfall has been a consistent feature of the monitoring program (Jones and Knowlton 1993) . Reasons for low nitrogen are likely tied to ambient soil fertility, regional farming practices, and the mix of grass, forest, and cropland throughout the state (Table 1; Jones et al. 2004) . Proportionately low TN relative to TP is the basis for setting the upper limit of mesotrophic reservoirs at 550 µg/L TN (Table  5) rather than 650 µg/L as proposed by Nürnberg (1996) . Current TN criteria for oligo-and hypereutrophic reservoirs match those for worldwide lakes (Nürnberg 1996) and are reasonable cutpoints for the Missouri data. The TN trophic state criteria (Table 5 ) supplant the provisional classification system proposed by Jones and Knowlton (1993) .
About half the TN:TP ratios were <20 and some 10% were <10, suggesting potential N-limitation (Forsberg and Ryding 1980) and in situ experiments have demonstrated nitrogen stimulation of plankton in some reservoirs (Perkins and Jones 2000) , but the response is not universal (Knowlton and Jones 1996) . Nitrogen stimulation may be a condition that occurs periodically (Prepas and Trimbee 1988) or contemporaneously with P (Dodds et al. 1989) . Nitrogen limitation and colimitation with P was found experimentally in central plains reservoirs (Dzialowski et al. 2005) and is known to occur in a broad range of lake types (Elser et al. 1990 , Maberly et al. 2002 . Low TN:TP ratios in Missouri reservoirs tend to co-occur with high measures of mineral seston and low transparency, conditions favoring light rather than nutrient limitation of algal biomass. Overall, the contribution of TN to our Chl regression models was small once variation was accounted for by TP log (model not shown). It seems N-limitation occasionally occurs in Missouri reservoirs, but small variation in long-term average Chl-TP suggests N does not routinely depress biomass below expectations based on TP.
The strength of the Chl-TN relation (Fig. 7b) is attributable to the strong correlation between TN and TP ( Fig. 3a and 3b ).
The empirical link between Chl and TP in Missouri reservoirs has been evaluated previously (Hoyer and Jones 1983 , Jones and Knowlton 1993 , 2005b , Kaiser et al. 1994 , Knowlton and Jones 2000 . The Chl-TP fit among reservoir means in this analysis (Fig. 7) is based on an expanded data set (50% larger, n = 167 versus 111) relative to the detailed assessment by Jones and Knowlton (2005b) . Regression coefficients and fit (Fig. 7) are similar to previous Chl-TP models, and the slope coefficient of near unity matches the relation reported for other temperate lakes (Jones and Knowlton 2005b) . The expanded data set does not show the curvilinearity seen in early assessments (Jones and Knowlton 1993) or the sigmoid shape seen in temperate lakes with broader nutrient ranges than occur in Missouri (Forsberg and Ryding 1980 , McCauley et al. 1989 , Prairie et al. 1989 ).
Mineral turbidity is typically an episodic influence in Missouri and results in an ephemeral decrease in Chl:TP ratios as a result of reduced light and sediment-bound TP (Jones and Knowlton 2005b) . Its influence on the Chl-TP relation is seasonal, being most prevalent in early summer (Jones and Knowlton 2005b) . Accounting for mineral turbidity, as measured by NAS log levels, improves Chl-TP regressions in Missouri reservoirs (Table 4) . The model shows Chl declines by half (from 21 to 10 µg/L Chl) in a Missouri reservoir with median TP (39 µg/L) when NAS increases from 2 to 10 mg/L. In these systems the geometric mean Chl:TP ratio was 0.34 rather than 0.44, which would be expected by the Jones-Bachmann regression (Fig. 5c) , and maximum Chl: TP values were generally found in reservoirs of mid-level fertility with low mineral seston (Fig. 11a) . TSI-deviations ( Fig. 9 ) and ratios of observed/predicted Chl based on the Chl-TP regression of Jones and Bachmann (1976) illustrate the cross-system decline in Chl:TP associated with increasing mineral seston (Fig. 10) . These findings are consistent with light-limitation of phytoplankton by mineral seston which has been quantified in a broad range of turbid systems (Grobbelaar 1985 , Doukulil 1994 , Knowlton and Jones 2000 . Across regions, the fractions of NAS (NVSS and fTSS; Fig.  4 ) were larger among Plains and Big Rivers sections than the Ozark Highlands and Ozark Border. Strong biotic control of Chl is unlikely in these reservoirs because summer zooplankton communities have been dominated by small-bodied taxa (Canfield and Jones 1996 ).
An interesting outcome of adding a continuous measure of mineral seston to the Chl-TP analysis is that NAS log accounts for some 31% of variation not accounted for by TP log (Table  4) , resulting in a sharp increase in the slope associated with reservoir mean TP log (from 1.09 to 1.51). This slope value closely matches that of the Chl-TP cross-system analysis of Dillon and Rigler (1974) , Jones and Bachmann (1976), and Carlson (1977) . The intercept decreases when NAS log is included (Table 4 ). The interpretation is that once the negative influence of NAS log is accounted for in the model, Chl:TP accelerates across the range of reservoir fertility in Missouri in the global, cross-system pattern of Jones-Bachmann and the TSI assessment. Addition of TN:TP added little to the overall relation (Table 4) .
Chlorophyll values vary within and among Missouri reservoirs (Jones and Novak 1981 , Knowlton et al. 1984 , Jones and Kaiser 1988 , Knowlton and Jones 1990 , Jones and Knowlton 2005b , Knowlton and Jones 2006a , 2006b , Perkins and Jones 2000 . Among individual samples, Chl values varied across three orders of magnitude (<1-680 µg/L, n = 7265) and within the most intensively sampled reservoirs maximum observed Chl averaged 26 times the minimum. Maximum Chl in Missouri reservoirs can be estimated at about four times the long-term reservoir mean Chl. Past studies suggest that maximum Chl is typically between 1.7 and 2.6 times the mean (Smith 2003) , and the larger maximum in Missouri likely stems from the long collection record increasing the likelihood of sampling ephemeral bloom conditions (Jones and Knowlton 2005b) .
Limnologists have long recognized the inter-correlation between Secchi transparency and other measures of lake trophic state (Edmondson 1972 , Bachmann and Jones 1974 , Vollenweider 1975 , Carlson 1977 with the view that nutrients ultimately determine transparency by controlling algal biomass that dominates seston in lakes worldwide. In Missouri reservoirs our measure of total seston, ΣTSS, explains a remarkable 96% of the variation in mean Secchi depth (Fig. 13d) , however, this fit largely results from nonalgal particles controlling light penetration. The inorganic fraction NAS (including the larger NVSS and small fTSS) explains 87% of total variation in mean Secchi depth, and adding Chl to the model only explains an additional 7%. Nonalgal suspended solids and Chl are both highly correlated to TP (r = 0.85 and 0.91 respectively). This analysis suggests the link between transparency and algal biomass (Fig. 13c) is probably indirect, mediated by the mutual association of Secchi and Chl with nutrients and the nonalgal particles associated with them.
The departure of Missouri reservoirs from the conventional paradigm of algal biomass controlling transparency suggests Secchi depth is not a trophic state metric in the same capacity as lakes in other regions. In Missouri, Secchi depth is a strong correlate of nutrient status (especially TP) rather than an indication of algal biomass. Consequently, proposed threshold values to identify trophic state categories based on Secchi (Table 5) are shallower than conventional cutpoints for most lakes (Nürnberg 1996) , and TSI values based on Secchi ( Fig. 8 and 9 ) generally overestimate algal biomass of Missouri systems.
Relative to algal biomass, transparency in Missouri reservoirs is less than predicted by published Secchi-Chl regression models (Carlson 1977 , Jones and Bachmann 1978 , Nürnberg 1996 , Jones et al. 2003 . Nonalgal seston, chiefly clay minerals and other inorganic particles, accounts for much of this difference ( Fig. 9 and 10 ). Even in Missouri reservoirs with low NAS, Secchi falls short of model predictions. Available data suggest color does not account for this difference; nor are deep Chl maxima a major influence on Secchi depth (Knowlton and Jones 1989b) . The median ratio of Secchidepth to surface Chl from concurrent samples (unpublished data, n = 4880) was 1.04, indicating subsurface Chl peaks are uncommon within this zone of the water column and infrequently influence Secchi depth.
Pheophytin is a degradation pigment representing dying algae (Kalff et al. 1972 , Erikson 1999 . There are no conventional criteria to interpret a typical proportion of pheo-pigments in a healthy phytoplankton community, but contributions of 16-60% of measured Chl in sea-and freshwater have been reported (Marker et al. 1980) . Jones (1977) found pheophytin was usually <5% and rarely in excess of 10% of total pigment in eutrophic lake samples while Erikson (1999) found values of >30% in a deeply mixed water column with poor light. As a framework for interpretation, these findings suggest low quality algal pigment is common in Missouri samples where the median pheophytin value was about 21% and a quarter of all samples contained >34% (Fig. 5b ). This conclusion is consistent with the high proportion of detritus in the organic seston. Algal biomass and VSS data from 2000 and 2003 suggest living phytoplankton typically compose less than one-third of the organic particulate matter in Missouri reservoirs, and the strong correlation between Chl and VSS ( Fig.  7c ) points toward algal origin of the detritus. The strength of the Chl-VSS relation and the similarity between the slope of the relation (1.29; Fig. 7c ) and the slope of the regression of algal biomass on VSS (1.28) indicates phytoplankton accounts for an increasing proportion of organic solids with nutrient enrichment. Available data suggest other sources are a small fraction of this organic material. Total zooplankton biomass in Midwestern water bodies seldom exceeds 0.5 mg/L (Canfield and Jones 1996) and is typically <0.25 mg/L, and median bacterial biomass in Missouri reservoirs was only 0.072 mg/L as carbon (or about 0.14 mg/L as organic matter, Thorpe and Jones 2005) . Based on a median VSS of 3 mg/L (Table 2) , only ~ 15% of the organic particulates would be zooplankton and bacteria. Allochthonous organic matter is likely most important during ephemeral inflow events that are dominated by inorganic tripton (NVSS ≥10 mg/L). The data are consistent with VSS at near-dam sites in Missouri reservoirs being composed mostly of algal detritus and the phytoplankton producing this material.
The strong link between VSS and plant nutrients in these samples results from phytoplankton control of organic seston. As a consequence, VSS is closely associated with land cover, and a regression including cropland, dam height, and flushing rate explains 67% of cross-system variation in VSS (Jones and Knowlton 2005a) . These same landscape and reservoir features explain less variation in NVSS (about 57%) suggesting that indirect effects of catchments, operating through nutrients, generally have greater influence on organic seston in Missouri reservoirs than more direct effects of erosion (Jones and Knowlton 2005a) .
Limited data on algal taxa from 2000 and 2003 (Table 3) suggest Cyanophyta and, less so, Bacilliariophyta compose the largest proportion of summer phytoplankton biomass in these reservoirs. This composition is expected in meso-to eutrophic temperate lakes (Reynolds 1984 , Watson et al. 1997 . Algal size distribution indicates small forms (<11 µm) dominate most communities, with larger forms more common among Glacial Plains reservoirs. The dramatic increase in the proportion of microplankton (>35 µm) across the trophic continuum described by Watson et al. (1992) was not evident, and the apparent dominance of communities by small Cyanophyta warrants additional study. Algal biomass in cyanobacteria increases with trophic status in these reservoirs, a pattern typical of north-temperate lakes (Downing et al. 2001) . The trend, however, is weak across the measured range (few oligotrophic reservoirs and no floodplain lakes were represented in the phytoplankton data set).
Other metrics of water quality impairment, such as nuisancelevel algal blooms and reduced transparency, show abrupt, nonlinear increases with reservoir fertility. The frequency of Chl values >10 Φg/L, a breakpoint where nuisance conditions occur (Bachmann and Jones 1974 , Walker 1984 , Walmsley 1984 , increases sharply across nutrient levels spanning the mesotrophic range ( Fig. 12 ; Table 5 ). Most reservoirs with nutrients near the meso-eutrophic boundary support Chl values >10 Φg/L more than 50% of the time and have Secchi transparency <1 m (Fig. 12) . The sigmoid patterns between nutrients and metrics of impaired water quality (Fig. 12) provide a practical basis for lake management efforts in Missouri. If the goal is to prevent algal biomass from becoming apparent and preserve water clarity, then oligo-and mesotrophic reservoirs should be the focus of nutrient control. Large changes would be required to reduce bloom frequency and increase transparency in eutrophic reservoirs (Fig. 12) .
Overall, this comparative analysis is consistent with conclusions drawn by Duarte and Kalff (1989) that the geographical setting influences lake chemistry and biology. Trophic state and seston characteristics of Missouri reservoirs are closely tied to nonpoint source nutrient inputs, largely determined by cropland agriculture (Jones et al. 2004 , Jones and Knowlton 2005a , Jones et al. 2008 ) which increases across a north-west axis within the state. This gradient in land cover largely accounts for differences among individual impoundments and the regional patterns among sections within the state (Table  6 ). The trophic state gradient in Missouri reflects forest-prairie intersection in this midcontinent ecotonal zone (Bailey et al. 1994) . The unique lakes in the Big Rivers section are consistent with shallow water bodies in rich alluvium (Knowlton and Jones 1997) and are among the most nutrient-rich and turbid lentic systems in our sample. Suspended solids data show all fractions of this material are strongly correlated with plant nutrients with the proportion of mineral seston increasing over this tropic state range. Mineral seston is a characteristic of many meso-and eutrophic reservoirs located outside of the Ozark Highlands and has a measurable influence on algal biomass and light. As a continuous variable in empirical models, mineral seston reduces the cross-system yield of algal chlorophyll per unit of phosphorus and controls reservoir transparency much more than algal biomass. Secchi depth is a better predictor of nutrients in these systems (especially TP) than algal biomass. These relations were demonstrated empirically with regression and shown graphically with TSIdeviation diagrams with close agreement between the two approaches. Conventional approaches to lake management (Edmondson 1961 , Vollenweider 1975 ) must be adjusted to account for mineral seston in Missouri reservoirs.
